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peratures. Thermal gradients that develop within the walls of the fuel tank could lead to high thermal stresses, which affect tank integrity. The unique combination of high thermal and mechanical loads over the vehicle surface (in close contact with the fuel tank) will require design concepts beyond the existing capability of launch vehicle and rocket technology.
Therefore, developing new insulating systems for cryogenic hydrogen and validating fuel-tank integrity over a wide range of flight conditions will require extensive testing.
The TAV tankage systems were the subject of several experimental programs3 I-3) These tests were an attempt to design, fabricate, and obtain experimental validation of liquid hydrogen tankage applicable to vehicles in hypersonic environments. Numerical simulation and optimization analysis of tank designs also were an integral part of experimental programs. (4,_3
In anticipation of future test requirements for TAV hydrogen systems, personnel at the NASA Dryden Flight Research Facility, Edwards, California are developing the Liquid Hydrogen Structural Test Facility (LHSTF) scheduled for completion in late 1993. The LHSTF will provide the capability of testing various full-scale and subscale flight vehicle components in simultaneous cryogenic and hightemperature environments combined with mechanical loads.
The Generic Research Cryogenic Tank (GRCT) is scheduled as the first test article for the LHSTF. There are two overall objectives for the GRCT project. The first objective is to provide experience in operating, testing, and analyzing structures in simultaneous cryogenic and high-temperature environments without mechanical loading. (6) The second objective is use the GRCT to perform the LHSTF Integrated Systems Test prior to testing of large and expensive TAV cryogenic fuel tanks. Initial tests of the GRCT containing liquid nitrogen will be conducted in the existing high bay of the NASA Dryden Thermostructures Research Facility (TRF), Edwards, California. Subsequent liquid hydrogen tests will be conducted in the LHSTF.
A two-dimensional (2-D) model using the systems improved numerical differencing analyzer (SINDA'85) was developed to predict the thermal behavior of the tank wall and cryogenic fluid prior to testing. (6,°To adequately characterize temperature gradients along the wall and within the fluid, temperature predictions from the 2-D model will be used to position sensors inside the tank. Predicted boiloff rates will be used to size the vent and pressure-regulation systems. Test scenarios will be designed based on the range of thermal responses generated by the 2-D model. This paper describes the results of 20 computational test cases evaluated with the 2-D GRCT model. The effects of fill level, heating profile, and cryogen type were characterized by boiloff rates, tank-wall and fluid temperatures, and tankwall heat fluxes. The effects of internal radiation and vapor mixing were also included in the analysis.
Description
of the Generic Research fibrous alumina-silica ceramic insulation (8 Ibm/ft 3 density) which is in turn surrounded by a thin lnconel ® heat shield (0.030 in. thick). A purge liner of 0.005-in. nickel foil is located within the insulation at 1.5 in. from the pressure vessel. Purge gas, helium for liquid-hydrogen tests and nitrogen (or helium) for liquid nitrogen tests, will be pumped into the end bell sections of the GRCT and channeled into the inner 1.5 in. of insulation next to the pressure vessel. During test operations, a clamshell quartz-lamp heater arrangement will be placed around the suspended GRCT. The quartz-lamp heaters radiate directly to the outer heat shield and provide a high temperature on the GRCT external surface. Additional design details are given in Stephens and Hanna. (6) Figure 2 shows the simulated heating profiles applied to the outer heat shield of the GRCT. These profiles are composites derived from representative NASP thermal profiles and were used in several combinations. The "evenheating" test case used the high-temperature profile (peak temperature of 1960°R) applied uniformly around the heat shield. To simulate TAV flight profiles, the two heating profiles shown in Fig. 2 were applied nonuniformly about the GRCT. For "hot-top" simulations, the high-temperature profile was applied to the GRCT upper heat shield quadrant while the low-temperature profile (peak temperature of 1260°R) was applied to the lower quadrant. For "hotbottom" simulations, the profiles were reversed. During nonuniform heating, the heat shield side quadrants followed an average heating profile composed of the high-and low-temperature profiles. Although the profiles in Fig. 2 terminated at 3000 sec, computational runs continued to 10,000 sec with the heat shield temperature at 530°R. Profiles similar to the computational profiles will be applied to the GRCT during testing in the TRF and LHSTF. 
Applied

Description of the Two-Dimensional
Thermal Model
The 2-D GRCT thermal model was created to characterize the thermal behavior of the ullage (the vapor region inside the tank), refine the calculation of cryogen boiloff, and examine the temperature gradients developed within the pressure-vessel wall.
The 2-D model represented a 1-ftlong cylindrical cross section of the 10-ft-long GRCT test section and accounted for the cryogenic liquid and ullage. Table 2 examined a stratified (conduction heat transfer only) vapor region. In addition to the 18 cases listed in Table 2 , case NA50 was evaluated with vapor mixing and case NT15 was evaluated with internal radiation. Figure 4 shows the nomenclature used to describe the numerical test conditions provided in 
Results and Discussion
Boiloff Rate
The time-dependence of boiloff is shown in Figs. 5 and 6. Figure 5 shows the effect of the heating profile on an 85-percent-full tank. In all cases, the highest boiloff rate was obtained with the even-heating profile, and the lowest boiloff occurred with the hot-top profile. The peak boiloff rate occurred at approximately 3,000 sec. Figure 6 shows the effect of fill level on nitrogen boiloff rates. For any Boiloff rates for nitrogen and hydrogen are summarized in Table 3 . The quantities of boiloff gas were similar for the two fluids. Since hydrogen has more than twice the heat of vaporization of nitrogen, an equivalent boiloff rate indicates that more than twice the quantity of heat entered the hydrogen tank compared with the nitrogen tank. An estimate of total tank boiloff can be calculated by multiplying the boiloff rate by 15 (ratio of the total tank wetted area to the 2-D model wetted area). The boiloff per square foot of wetted area can be calculated using values from Table 1 . 
Heat Fluxes to Liquid and Vapor
The time histories of heat flux to tank nodes submerged in liquid were quantitatively similar to the boiloff curves (Figs. 5 and 6), since all incoming heat was converted to cryogen boiloff by the heat of vaporization.
Heat that was transferred to the tank wall in contact with vapor warmed the vapor and did not contribute directly to boiloff rates.
Heat flux was calculated according to
The temperature difference (T,o -T/) was generally less than 2°R in the liquid phase and 10°R in the vapor phase.
The circumferential distribution of heat flux at the peak heat transfer rate for nitrogen is given in Fig. 7 . The three curves presented correspond to the three fill levels subjected Fig. 7 Circumferential distribution of wall heat flux at the peak nitrogen heat transfer rate (3000 sec) for the three fill levels subjected to the even-heating profile.
the wall node just below the liquid-vapor interface received a conductively-transferred heat load from the wall node directly above it, which produced the peak values shown in Integrating the average heat flux around the tank provided an indication of how much heat was going into the tank when the maximum fluxes occurred. The heating rate distribution for the 2-D model section is summarized in Table 5 .
In all nonuniform profiles, more heat was transferred to the cryogen tank with the hot-bottom profile than with the hot-top profile.
This observation is consistent with the boiloff results but is not apparent from considering only the tank-wall temperatures that were higher for the hot-top profiles. Higher average tank temperatures would imply lower overall temperature driving forces and a correspondingly lower total heat input. Liquid in the tank acted as a thermal sink that absorbed heat without rising in temperature. The hot-bottom cases directed more heat into this thermal sink than the hot-top cases, and therefore, hot-bottom heating transferred more heat to the tank than hot-top heating.
Tank-Wall and Fluid Temperatures
Typical temperature distributions around the tank wall are shown in Fig. 8 . The upper three curves define nitrogen tank-wall and vapor temperatures at steady state (0 sec) and at the peak temperature (6200 sec). At steady state, vapor and wall temperatures were so close that they could not be resolved on the scale of Fig. 8 . As the heating profile progressed, the temperature difference between the tank wall and vapor reached 5°to 10°R because of the high heat input. For the flat regions of the curves (beyond S = 6 ft), the tank wall was submerged in liquid and remained slightly above the saturated liquid temperature throughout the heating period.
A top-to-bottom temperature differential of approximately 300°R was generated for hydrogen and nitrogen when the tank temperature peaked. The large temperature differential that occurred during peak heating periods was caused by stratification in the vapor region. The S shape of the hydrogen curve was caused by the magnitude and temperature dependence of the hydrogen vapor conductivity. The wall temperatures for the upper tank location (S = 0 ft) with nitrogen are plotted as a function of time in Fig. 10 . The curves show the temperatures at the tank top for all three fill levels and the two nonuniform heating profiles. The even-heating profile data fell between the two curves and were not plotted. Note that the S = 0 ft temperatures for the hot-bottom cases (NB85, NB50, and NB15) did not change substantially from their steady-state values. However, the S = 0 ft temperatures for the hot-top cases (NT85, NT50, and NT15) rose approximately 75°R during heating. Temperatures at other locations on the tank wall exhibited similar behavior to those shown in Fig. 10 . :..: ,...=.._ ..........  . ..._. . In Figure 11 temperature distributions around the tank wall (at the time of maximum temperature) are plotted as a function of circumferential distance from the tank top. As in Fig. 10 , data for the even-heating profile fell in-between the plotted curves. Boiling heat transfer in the liquid phase kept all tank and fluid temperatures close together for node locations covered by liquid. In the vapor phase, stratification resulting from conduction-dominated heat transfer caused increased temperatures and amplified the spread between different heating-profile cases. 
Tank
Impact of Vapor Mixing
All cases described in Table 2 assumed  conductiondominated  vapor-to-vapor  heat transfer within the tank,  which simulated a highly stratified tank and produced high   temperatures at the tank top. During actual testing, heat transfer in the vapor space probably will be dominated by free convection, which will cause mixing in the vapor region. Along the sloped portions of the tank wall, buoyancy forces generated by warm vapor will induce circulation in the surrounding vapor. At the tank top where the hot surface is nearly horizontal, stratified vapor layers will be stable unless swept away by turbulent eddies generated along the curved tank wall. When considering the entire GRCT, the circulating flow patterns will have a helical component since boiloff flow originates at the liquid interface and moves toward the vents at either end ofthe tank.
No attempts were made to impose complex flow patterns into the vapor-to-vapor heat transfer because of SINDA'85 limitations. Instead, a "mixed" case was created by increasing the vapor-to-vapor thermal conductivity by a factor of 1000. These "mixed" conductors corresponded to a heat transfer coefficient between 0.01 and 0.10 Btu/ft 2 hr°R.
Case NA50 was evaluated with and without the "mixed" conductors to investigate the impact of vapor mixing. Temperatures around the tank wall are plotted in Fig. 12 Figure 13 is a plot of temperature as a function of time for two locations on the tank wall. Adding internal radiation lowered the S = 0 ft node temperature by 20°R and lowered an S = 3.29 ft node temperature by 10°R.
The peak temperature distribution around the tank wall is plotted in Fig. 14 
